Nanoparticles in a solution can be modified by various methods including wet treatment, UV light treatment, and plasma treatment for the functionalization of the nanoparticles. Especially, for the plasma treatment of nanoparticles in a solution, hydrophilic treatment is generally carried out by forming -OH in the solution while the plasma treatment system is located at the outside of the nanoparticle solution. In this study, using a He/SF 6 atmospheric plasma jet (APPJ) sources located outside and inserted in the IPA solution with carbon black nanoparticles, carbon black nanoparticles were modified to improve hydrophobic properties. By inserting the plasma jet tip in the solution, the carbon black nanoparticles were more easily modified compared the plasma jet located outside of the solution. After the He/SF 6 plasma treatment of carbon black nanoparticles with the APPJ in the solution, the contact angle of the sprayed-coated carbon black was increased from ∼30 to ∼140 while no significant change of contact angle was observed for the carbon black nanoparticles treated by the APPJ located outside of the solution. After the He/SF 6 plasma treatment, fluorine percentage of ∼7.97% in the carbon black was observed without noticeable thickness change of carbon black nanoparticles. It is believed that, the fluorine radicals dissolved in the solution form C-F x bonding on the carbon black surface and increase the hydrophobicity significantly. This technique can be applied in modifying the surface properties of various other particles in solution.
INTRODUCTION
Nanoparticles are applied to various industries such as bio, environment, energy, etc. and, for the application of the nanoparticles, many researchers have investigated modification methods of the nanoparticles by using dry treatment, wet treatment, UV light treatment, etc. [1] [2] [3] [4] [5] [6] [7] [8] In the case of dry treatment such as plasma treatments, only the area exposed to the plasma is treated, and, to be used in a vacuum system, a nanoparticle collector need to be installed. 9 For wet treatment and UV light treatment, it is known that the treatment time is generally long due to the slow reaction rates even though the nanoparticles are uniformly treated in the solution. 4 5 Atmospheric pressure plasma jet (APPJ) was also applied to improve the reaction of the nanoparticles in the * Authors to whom correspondence should be addressed.
solution by forming active species on the surface of the solution containing the nanoparticles through the irradiation of the plasma on the surface. 10 11 The reactive species formed on the surface of the solution diffuse into the solution and modify the nanoparticles. One of the drawbacks of this method is that the nanoparticles are modified only by the reactive species diffused in the solution. Therefore, to increase the reactive species in the solution and to improve the modification of the nanoparticles, the APPJ units inserted in the solution were investigated. 12 13 Even though the modification of the nanoparticles was improved by inserting the APPJ in the solution due to the increased reaction of the plasma with the solution, due to the use of process gases such as Ar, He, O 2 , H 2 , and air in the solvents with -OH functional groups, only the effects of OH radicals formed in the solution were observed. [14] [15] [16] [17] [18] The nanoparticle solvent with the -OH functional groups irradiated by the plasma generates OH radicals and the nanoparticles exposed to OH radicals are modified to have hydrophilic properties. [19] [20] [21] [22] Therefore, until now, most of the researches on the modification of nanoparticles in the solution using the APPJ treatment have been concentrated in changing the properties of nanoparticles to more hydrophilic in the solvent with the -OH functional groups. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] The solvents such as perfluorooctanoic acid, perfluorooctane sulfonate, etc. contain F atoms and tend to modify materials surface to be hydrophobic when they are dissociated by plasmas. [35] [36] [37] In this study, for the hydrophobic treatment of the nanoparticles in a solution, not for the hydrophilic properties, the APPJ was inserted in an isopropyl alcohol (IPA) mixed with carbon black nanoparticles and the plasma was generated in the solution with a He/SF 6 gas mixture.
As an application to hydrophobic treatment of carbon black nanoparticles in an IPA, styrene-butadiene rubber (SBR), which is used for automobile tire thread, was fabricated. 38 39 The tire thread requires lower rolling resistance for fuel efficiency and higher wet traction for stability, and for the lower rolling resistance and higher wet traction, carbon black is generally blended in SBR. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] Also, it is known that the use of hydrophobic treated carbon black in SBR tends to increase the wet traction and decrease rolling resistance by preventing the wetting of SBR surface. [50] [51] [52] [53] [54] [55] Therefore, in this study, carbon black nanoparticles in an IPA was treated hydrophobically by using the He/SF 6 plasma generated with an APPJ inserted in (and outside of) the solution and the effect of plasma conditions on the hydrophobic properties of carbon black nanoparticles were investigated.
EXPERIMENTAL DETAILS

APPJ Module Design
The APPJ module used in this experiment is shown in Figure 1 (a) for separate parts of the jet module, (b) for cross-section of the jet module, and (c) for the assembled jet. The jet module was a double-cone shape jet composed of top and bottom electrodes made of aluminum and a Teflon separator between the two electrodes. At the bottom cone tip, 1.5 mm diameter hole was formed for the emission of the jet discharge.
The top and bottom cone shaped electrodes were thermal spray-coated with 400 m thick anodized aluminum to operate as dielectric barrier discharge (DBD) and to prevent arcing on the electrode surface. The distance between the two electrodes were kept at 1 mm. 60 kHz AC power was connected to the water-cooled top power electrode and the bottom electrode was grounded. Discharge gas was connected to the Teflon separator. DBD was formed between the two electrodes, and the plasma was emitted at the tip of the bottom grounded cone.
Carbon Black Treatment
1 g of ∼50 nm diameter carbon black nanoparticles (Graphene Supermarket) was mixed in a beaker with 500 ml IPA and dispersed by a sonicator for 90 min to form a carbon black solution.
The carbon black solution in the beaker was treated with the APPJ with the configurations shown in Figure 2 (a) outside of the solution and (b) in the solution. When the APPJ was inserted in the solution with the configuration in Figure 2 (b), to prevent spillover of the solution, a latex was covered on the beaker and a gas outlet hole was formed to prevent the increase of pressure in the beaker. As the process gas, He(2 slm)/SF 6 (0.5 slm) was used and the 60 kHz AC voltage was applied to the top power electrode to form a plasma. Figure 3 shows the images of the plasmas formed by the APPJ for different operating voltages of (a) 2.1 kV, (b) 2.7 kV, and (c) 3.3 kV. For the treatment of the carbon black nanoparticles, 3.3 kV of AC voltage was used in the experiment. Also, to investigate the differences in the surface characteristics of carbon black nanoparticles treated with the methods shown in Figures 2(a) and (b), the plasma treated carbon black nanoparticles were coated on polyimide substrates using a spray gun and the water contact angle was measured.
Styrene-Butadiene Rubber Polymerization
To fabricate SBR, which is used for automobile tire tread, butadiene (sigma-aldrich, 434787) and styrene (sigmaaldrich, S4972) were mixed with the ratio of 3:1.
58 0 g, 0.05 g, 0.1 g, and 0.15 g of as-is carbon black nanoparticles and hydrophobic plasma treated carbon black nanoparticles obtained using the method in Figure 2 (b) were mixed with the 10 cc of SBR solution and the mixed solutions were sonicated for 5 minutes for the dispersion of carbon black nanoparticles in the SBR solution. For the polymerization of the SBR solution mixed with carbon black nanoparticles, N -Butyllithiuym (sigma-aldrich, 230707) was added to the SBR solution with the ratio of 10:3.
58 59 The polymerization was taken for 20 min and the polymerized SBR was collected and pressurized for 5 minutes at 100 C to obtain a SBR film. For the SBR film, the collected polymerized SBR was pressurized with the pressure of 1 kg/cm 2 for one min, followed by the pressurization with 0.5 kg/cm 2 for 4 min. Figure 4 shows the hot pressing method used in the experiment and, for easier loading and removal of the SBR film during the hot pressing, polyimide films were inserted as shown in Figure 4 . The fabricated SBR film with the carbon black nanoparticles was dried in a dry oven for 50 minutes at 150 C.
Analysis and Measurements
Contact angles on the carbon black spray coated on polyimide substrates and on fabricated SBR film mixed with different carbon black nanoparticles were measured using a contact angle analyzer (SEO, phoenix 450). Scanning electron microscope (FE-SEM, HITACHI, S-4700) was used to observe the morphology change of carbon black nanoparticles. The change of surface composition of the carbon black nanoparticles before and after the plasma treatment was investigated using X-ray photoelectron spectroscopy (XPS, thermo VG SIGMA PROBE).
RESULTS AND DISCUSSION
Carbon Black Contact Angle
Contact angles of carbon black nanoparticles coated on the polyimide substrates after the plasma treatment using the methods in Figures 2(a) and (b) , that is, out-of-solution and in-solution, respectively, were measured as a function of plasma treatment time and the results are shown in Figure 5 . As the plasma treatment gas, He(2 slm)/SF 6 (0.5 slm) was used and the 3.3 kV 60 kHz AC voltage was applied to the top power electrode. As shown in Figure 5 , the contact angle of untreated carbon black nanoparticle was ∼33 and, the increase of plasma treatment time up to 180 s did not change the contact angle significantly for the carbon black treated with configuration in Figure 2(a) . However, for the carbon black treated with the configuration in Figure 2(b) , the contact angle increased significantly up to ∼140 with increasing the plasma treatment time to 180 s. When the APPJ is located outside of the carbon black nanoparticle solution, the plasma is difficult to react with the solution, therefore, it generally takes very long time (from tens of minutes to a few hours) for the plasma treatment and tends to modify the material surface hydrophilically by forming OH radicals as investigated by other researchers. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] However, when the APPJ is located in the solution, due to more direct reaction of plasma with the solution, the modification of the carbon black nanoparticles was much faster than the plasma treatment at the outside of the solution.
Figures 6(a) and (b) show the carbon black nanoparticle solutions in a beaker treated with the configuration in Figure 2 (b) just after the treatment and after 1 day storage after the treatment, respectively.
The carbon black nanoparticle solutions were treated for different plasma treatment time. The carbon black nanoparticles having hydrophilic properties are well dispersed in the IPA solution, therefore, no separation of carbon black nanoparticles with IPA was observed until the carbon black nanoparticles were treated by the plasma less than 60 s. However, when the plasma treatment time is longer than 60 s, the carbon black nanoparticles are separated from IPA after 1 day of storage because the carbon black nanoparticles are modified hydrophobically enough as shown in Figure 6 (b) after 60 s. 
Carbon Black Chemical Composition
The chemical composition and binding states of the carbon black nanoparticles in the IPA solution after the plasma treatment was investigated with XPS and the results are shown in Table I and Figure 7 for (a) fluorine and (b) carbon.
As the plasma treatment condition, the conditions in Figure 6 with the APPJ in the solution were used. As shown in Table I , the as-is carbon black is mostly composed of carbon except for a small percentage of carbon on the surface. However, as the surface of the carbon black is modified with the He/SF 6 plasma in the solution, due to the dissociation of SF 6 in addition to the dissociation of IPA by the plasma, atomic percentages of fluorine and oxygen were increased up to 7.97% and 9.78%, respectively. In Figures 7(a) and (b) , the results on XPS narrow scan data of fluorine and carbon are shown, respectively. In the case of fluorine peak, with increasing the plasma treatment time, the formation and increase of the peak intensity related to C-F bonding was observed at ∼685.5 eV and, an additional peak possibly related to C-F 2 bonding was observed at ∼689 eV when the plasma treatment time further increased to 360 s. In the case of carbon peaks, as shown in Figure 7(b) , the increase of plasma treatment time increased the bonding peaks related to C-O/C-CF at ∼286 eV and C-F x at ∼288.5 eV indicating the formation of C-O bonding and increased C-F x bonding with As-is 0 s -96.4 3 6 Figure 7 . XPS narrow scan data of (a) fluorine and (b) carbon of the carbon black nanoparticles in the IPA solution after the plasma treatment with the APPJ in the solution.
increasing the plasma treatment time. 60 61 Therefore, from Table I and Figure 7 , it is found that the surface of carbon black nanoparticles is modified with fluorine dissociated from SF 6 in addition to OH radical formed in the solution, and which makes the carbon black surface hydrophobic even with -OH on the surface.
Carbon Black SEM Image
The morphologies of carbon blacks before and after the plasma treatment were observed using SEM and the results are shown in Figures 8(a) and (b) for as-is and after the plasma treatment with the APPJ in the solution, respectively. The carbon black was treated with the plasma with the condition of Figure 7 for 360 sec. The carbon black solution were dried for SEM observation before and after the plasma treatment. As shown in the figures, the size of the carbon black particles before the plasma treatment was ∼50 nm and, after the plasma treatment, no significant change in size was observed indicating no noticeable etching or deposition of carbon black nanoparticles by fluorine on the surface of carbon black. Therefore, by the plasma treatment, only the surface of the carbon black nanoparticles was modified.
SBR Contact Angle
One of the applications of the hydrophobically treated carbon black nanoparticles is the SBR for tire. As shown in the experimental section, 0 g, 0.05 g, 0.1 g, and 0.15 g of as-is and plasma treated carbon black nanoparticles with the APPJ in the solution were blended with the 10 cc of SBR solution and the SBR films were formed by pressurizing the SBR after the polymerization of the SBR solutions blended with carbon black nanoparticles. Figure 9 shows the contact angles of the pressurized SBR films measured as a function of carbon black weight in the SBR solution for as-is and plasma treated carbon black nanoparticles. As shown in the figure, the SBR mixed with carbon black nanoparticles exhibited higher contact angle, however, the contact angle was not significantly dependent on the concentration of carbon black nanoparticles.
If the contact angles of SBR with the carbon black nanoparticles with/without plasma treatment are compared, the contact angle of SBR with as-is carbon black nanoparticles was ∼60 while that of SBR with the plasma treated carbon black particles was increased to ∼97 , therefore, more hydrophobic property of SBR with the plasma treated SBR could be obtained. The tire thread formed with the hydrophobic SBR is known to have enhanced wet traction by preventing hydroplaning and enhanced fuel efficiency due to low rolling resistance as mentioned earlier. Therefore, it is believed that, the 
CONCLUSION
In this study, carbon black nanoparticles in an IPA were treated hydrophobically by using a He/SF 6 plasma generated with APPJs located outside of solution and in the solution and the effects of He/SF 6 plasma on the properties of carbon black nanoparticles were investigated. The surface of carbon black was significantly modified by the He/SF 6 plasma generated with the APPJ in the solution by showing the change of contact angle from 33 to 140 after 3 min. of plasma treatment while no significant change of the carbon black surface was observed for the plasma generated with the APPJ located out of the solution. When the carbon black nanoparticles were blended in SBR, which is used for the tire thread, the increase of contact angle of SBR surface from ∼60 to ∼97 was observed by using the carbon black nanoparticles treated with the APPJ in the solution, which enhances the properties of tire such as enhanced wet traction, improved fuel efficiency, etc. The hydrophobic properties of carbon black nanoparticles treated with the He/SF 6 plasma in the IPA solution was related to the fluorination of the carbon black surface by the modification of carbon black nanoparticle surface without changing the morphology of the particles.
